New Far Infrared Vibrational Mode in Zn Doped CuGeC>3 
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We report on far infrared measurements on Zn and Si doped crystals of the spin-Peierls compound 
CuGeC>3. Zn doping has the effect of introducing several new absorption lines, polarized in the 
ab- plane, between 5 and 55 cm' 1 . The intensity of the absorption grows with Zn concentration but 
saturates above 2 % Zn. One line at 10 cm -1 loses intensity above 4 K, and a second line at 20 cm -1 
is absent at low temperatures but grows to peak at about 40 K in agreement with a three level model 
with two excited states 10 and 30 cm -1 above the ground state. As the doping is increased these 
lines broaden, and a temperature independent absorption develops over the entire range from 5 to 
55 cm . These features are magnetic field independent up to 16 T and are absent in Si doped 
samples. We suggest the new absorption is due to localized lattice modes of the zinc ion and the 
surrounding GeCU tetrahedra. 



PACS numbers: 75.50.Ee, 78.30.Hv, 63.20.Pw 

The quasi-one-dimensional antiferromagnet CuGeC>3 is 
the first inorganic compound to show a spin-Peierls (SP) 
transition JjjJ]. At T — 14 K a gap opens in the exci- 
tation spectrum of the Cu S = \ spins as a result of 
magneto-elastic coupling. In general, such transitions in- 
volve a lowering of magnetic energy at the expense of lat- 
tice energy. Structures where large tightly bound blocks 
can move as units, such as the organic charge transfer 
complexes, exhibit the spin-Peierls phenomenon. Similar 
structural units occur in oxides in the form of rigid GeC>4 
or SiC>4 tetrahedra bonded weakly to each other to form 
easily distorted structures Q]. It has been found that in 
CuGeC>3 the SP transition involves both a dimerization 
of the copper ions along the c-axis and a rotation of the 
Ge04 tetrahedra about the c-axis ||. In this paper we 
present the results of a far infrared transmission study 
of Zn and Si doped CuGeOa. Our results show that Zn 
substitution for Cu induces new absorption lines at 10 
and 20 cm -1 . We show that these transitions result from 
a very unusual, highly anharmonic localized vibrational 
mode. 

The lattice structure of CuGeOs is shown in Fig. 1. 
It consists of chains of relatively rigid Ge04 tetrahedra 
along the c-axis. Cu 2+ ions are positioned between these 
chains and form chains of CuOg octahedra which share 
the Ge04 oxygens. Adjacent octahedra share two oxy- 
gens which provide a superexchange path for the antifer- 
romagnetic interaction between Cu 2+ ions. 

The far infrared absorption spectrum of pure CuGeOs 
has a weak absorption line in the SP phase at 44 cm -1 
which corresponds to the SP gap energy (« 5.5 meV) at 
Q = [0, 0, 0] of the magnetic Brillouin zone as determined 
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FIG. 1. Lattice structure of CuGeOs. Arrows show pos- 
sible motion of the rigid Ge04 tetrahedra ascociated with a 
Zn-induced local vibrational mode. 

by electron spin resonance [gj . The line splits in a mag- 
netic field as expected for a transition from the ground 
singlet state to the excited triplet state. The other low- 
lying spectral feature is a weak phonon at 48 cm" 1 sug- 
gested to correspond to a displacement of the four pla- 
nar oxygens in the direction of the apical oxygens in the 
CuOg octahedra ||. 

Doping of CuGeOs with Zn or Si is particularly in- 
teresting because it results in an antiferromagnetic (AF) 
phase that seems to coexist with the SP phase in a range 
of temperatures and doping levels in Cui-^Zn^GeOs 
§-|ll| and in CuGei-^Si^Os There are, to our 

knowledge, no measurements of the far infrared spectrum 
of the doped systems of CuGeOs. 

We studied several single crystals including an un- 
doped sample, a Si doped sample with x = 0.003, and 
a series of Zn doped samples with x — 0.003,0.01,0.02 
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and 0.05. The Neel and SP transition temperatures, T/v 
and Tsp, were determined from magnetic susceptibility 
measurements on the same crystals. The x = 0.01, 0.02 
and undoped samples were grown by a floating zone tech- 
nique and the x = 0.003 and 0.05 samples by a self flux 
method. We used either atomic emission spectroscopy or 
mass spectroscopy to determine the Zn and Si concen- 
trations and found good agreement with phase diagrams 
P, [Tl|]l^ ] for Tsp and Tn vs. concentration x. 

The far infrared measurements were done with a home- 
built polarizing Fourier spectrometer p5| and a new 
magnet insert with an in situ 3 He cooled (T = 0.3 K) 
silicon bolometer. Polarization-dependent transmission 
measurements were done in magnetic fields up to 16 T 
from 3 to 100 cm" 1 and in the temperature range from 
1.2 to 100 K. Sample sizes were about 0.6 x 2.5 x 4 mm 3 
in the directions of the a, b and c crystallographic axes 
fl6f respectively. The k-vector of the light was aligned 
along the a- axis (k||a). To establish the symmetry of 
the transitions, additional measurements were done with 
k||b for one of the Zn doped samples (x — 0.01). The dc 
magnetic field was in the direction of light propagation 
(Faraday geometry) , and most of the spectra were mea- 
sured at 1 cm -1 resolution. To calculate the absorption 
coefficient a from the transmittance it is necessary to 
estimate the refractive index. We used the interference 
fringes from a thin sample with parallel faces to do this. 
A constant value of n — 3 was determined for the entire 
range from 3 to 100 cm -1 . 

The absorption spectra for several samples at 1.2 K 
are shown in Fig. 2. The sample doped with x = 0.003 
Si is very similar to the undoped sample (not shown) in 
that the only far infrared features are the line at 48 cm -1 
which has been identified as a B^ u phonon and the 
shoulder at 44 cm -1 due to the singlet to triplet tran- 
sition jij. In contrast, the x = 0.003 Zn sample shows, 
in addition to these features, a line at 10 cm -1 which is 
not present in the Si doped sample (or in the undoped 
samples). Increased doping results in a broadening of 
the 10 cm -1 line and the development of a broad absorp- 
tion band between 5 and 55 cm -1 . The variation of the 
spectral weight [|l7) from 3 to 60 cm -1 (background and 
phonon line subtracted) is shown in the inset to Fig. 2 
as a function of concentration. The dependence on Zn 
concentration appears to be linear at low concentrations 
but quickly saturates above x = 0.02. 

Absorption spectra for the x — 0.003 Zn doped sample 
were also obtained at higher temperatures. While the 
shoulder at 44 cm -1 disappears above the SP transition 
temperature as expected, the 10 cm -1 line and another 
line at 20 cm -1 show a temperature dependence that has 
no obvious relationship to the SP transition. The spec- 
tra are shown in the upper panel of Fig. 3, and the lower 
panel shows the spectral weight of the 10 and 20 cm -1 
lines as functions of temperature. The 10 cm -1 line loses 
intensity as temperature is increased, but the 20 cm -1 
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FIG. 2. Doping dependence of far infrared absorption of 
C11GCO3 crystals at 2 K with 6-polarization and k||a. The 
inset shows spectral weight from 3 to 60 cm -1 as a function 
of Zn concentration. The spectral weight does not include 
the background which is taken to be the Si doped sample 
spectrum. 

line, which is absent at low temperatures, grows in in- 
tensity to peak around 40 K. Both lines shift to higher 
frequencies with temperature (inset to Fig. 3), and the 
20 cm' 1 line broadens significantly. Although the 10 
and 20 cm -1 lines are broader in the more highly doped 
samples, they still show this temperature dependence. 
The broad absorption from 5 to 55 cm" 1 in samples with 
x > 0.003 is temperature independent up to 100 K. 

The temperature dependence of the 20 cm -1 line sug- 
gests that it is a transition from an excited state. A 
simple three level model with two excited states 10 and 
30 cm -1 above the ground state accounts for the tem- 
perature dependences of the line intensities in the lower 
panel of Fig. 3. The trends in the data are correctly 
reproduced, and the quality of the fit, though not par- 
ticularly good, can be improved by adding higher energy 
levels to the model. This points to a multilevel, very 
anharmonic excitation, which is made possible by the 
replacement of a Cu 2+ ion with Zn 2+ , but not by the 
substitution of Si for Ge. 

The polarization dependence of the new features was 
also obtained. With k||a, the 10 and 20 cm -1 lines as well 
as the 5 to 55 cm" 1 band were strongest when the electric 
field was along the b-axis (6-polarization) and nearly ab- 
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FIG. 3. Temperature dependence of 10 and 20 cm -1 lines 
in the x = 0.003 Zn doped sample. The upper panel shows 
absorption at various temperatures with &-polarization and 
k||a. The lower panel shows the spectral weight of the 
lines calculated using Lorentzian fits with frequencies shown 
in the inset. Solid lines are fits to the simple three-level 
model: I 10 (T) = Aio(l-e- Al ^)/(l+ e - Alo ^-Nr (Alo+A2o) ' 3 ), 
ho(T) = A 20 e- Al0 ' 3 (l-e- A20 ' 3 )/(l+e- Al0/3 + e- (Al0+A20)/3 ), 
where Aio and A20 are the temperature dependent transition 
frequencies (inset), Aio = 100 and A20 = 500 are adjustable 
parameters, and f3 = (ksT)^ 1 . 



sent with c-polarization. When the x = 0.01 Zn sample 
was oriented with k||b, the features were strongest with 
a-polarization. Thus, if these are magnetic dipole tran- 
sitions, they require that the magnetic field component 
of the light is along the c-axis. If they are electric dipole 
transitions, the electric field must be in the a6-plane and 
have components both in the a and b directions. 

To exclude magnetic dipole transitions we compare the 
spectral weight of the Zn-induced absorption with that 
of a known magnetic dipole transition in our system. An 
incommensurate phase exists in CuGeOa above Bq « 
12 T jl8],[l9) where a magnetic dipole transition in the 
triplet ground state can be observed We find this 
transition (at 15 cm" 1 in Fig. 4) to be independent of 
polarization in the 6c-plane (Bq = 15 T along the a-axis) 
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FIG. 4. Absorption in the SP phase at 12 T (negative 
features) subtracted from absorption in the incommensurate 
phase at 15 T (positive features) for the undoped sample at 
2.1 K and 0.2 cm -1 resolution with 6-polarization and k||a. 



as expected for an S = 1, AM = ±1 transition and to 
have a spectral weight of 2.5 cm -2 . The spectral weight 
of the 10 cm -1 line is 100 cm -2 , a factor of 40 larger 
than the magnetic dipole transition. This discrepancy, 
which is even larger if we include the dilution due to low 
Zn concentration, in combination with the fact that the 
frequency of the Zn-induced absorption is not affected by 
magnetic field up to 16 T, leads us to conclude that it is 
not a magnetic dipole transition. 

We can also rule out forbidden electronic electric dipole 
transitions such as the transition in the SP phase from 
the singlet ground state to the excited triplet state which 
produces the 44 cm -1 line. That line splits in a magnetic 
field as shown in Fig. 4 due to the splitting of the excited 
triplet state. It is also ten times stronger than the mag- 
netic dipole transition at 15 cm -1 , and as our study has 
shown, is induced when k||a with ^-polarization only. If 
the Zn induced features are electronic electric dipole tran- 
sitions, it is unclear which states could be involved. Since 
they are not split by a magnetic field, they are unlikely 
to involve transitions to or from triplet states. In-gap 
states, predicted by Martins et al. [^0|, are also excluded 
because they would be absent above the SP transition 
temperature. 

Local vibronic modes are another possibility. For a 
pure Zn translational mode for x — 0.003 Zn we estimate 
a spectral weight of 530 cm~ 2 from the plasma frequency 
uj p = (iirnZ 2 e 2 /M) 1 / 2 = 13 cm -1 where n is the Zn 
concentration, M the mass of the Zn ion and Z the effec- 
tive charge which we take to be +2. This is over 5 times 
larger than the observed spectral weight. It is therefore 
likely that the mode also involves motion of other atoms. 

The three level system shown in Fig. 3 can be modeled 
with a square well with a central barrier. Appropriate 
choice of parameters gives levels at 10, 30 and 55 cm -1 . 
Electric dipole transitions between levels of opposite par- 
ity will give lines at 10, 20, 25 and 55 cm -1 . The line 
at 25 cm -1 is weak at the temperatures investigated be- 
cause the population of the 30 cm -1 level is small, and 
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the 55 cm -1 line is weak because of the small transition 
matrix element from the ground state to the 55 cm -1 
level. In general, the addition of the level at 55 cm -1 
will improve the agreement between the calculated and 
observed temperature dependance of the line intensities 
shown in lower panel of Fig 3. The broadening of the 
10 and 20 cm -1 lines with increased doping can be ex- 
plained as being due to long range of interaction between 
the defects. 

The combination of a low intensity, a flat very anhar- 
monic potential and a polarization in the afe-plane sug- 
gests that the lines at 10 and 20 cm -1 involve the Zn de- 
fect and the libration about the c-axis of the surrounding 
four GeC>4 tetrahedra as shown in Fig. 1. In the undoped 
material the 48 cm -1 phonon is a similar mode which is 
optically active |6) and involves the motion of the Cu in 
the direction of the apical oxygens. With Cu replaced 
by Zn this mode would have a polarization with both a 
and b direction components and is consistent with the 
model of a potential well with a central barrier. Since Zn 
is known to favor a higher coordination number than Cu 
it will have a tendency to move off center towards one of 
the apical oxygens. 

Libration of Ge04 tetrahedra is also a component of 
the static SP distortion in the undoped material [p|,pl|, 
but it is not optically active since it involves odd combi- 
nations of the rotations of the Ge04 tetrahdra and no dis- 
placment of the copper in the a6-planc. In our picture the 
Zn doping has the effect of moving the mode at 48 cm -1 
to 10 cm -1 by a dramatic reduction of the already weak 
restoring force for diplacements of the the planar oxygens 
in the direction of the apical oxygens around the Zn. 

In contrast to the large changes in dynamics by Zn 
doping, the replacement of Ge by Si will have the mi- 
nor effect of reducing the size of one of the tetrahedra 
affecting four Cu sites equally and, by symmetry, giving 
rise to a low frequency optical mode polarized in the b 
direction. We have not observed such a mode in our Si 
doped samples from 3 to 100 cm -1 . 

One feature which remains to be explained is the 5 
to 55 cm -1 band seen at higher doping levels. Its lower 
boundary is approximately defined by the 10 cm -1 line, 
and the upper boundary more or less coincides with the 
phonon at 48 cm -1 . The saturation of the absorption 
above a concentration of x = 0.02 (inset to Fig. 2) is rem- 
iniscent of the phase diagram [p 1 1 1 in which T/v and Ts p 
stop changing at this same concentration. This may be 
evidence for an upper limit for effective doping. Another 
possibility, suggested by the unusual flat shape of the 
band, is that it represents a disordered state of the local 
excitations as they begin to interact strongly at x = 0.02 
Zn and above. This state may also be relevant to the 
saturation of T/v and T$p at the same doping level. 

In summary we have observed a low lying lattice mode 
in Zn doped CuGeOa which we idenify with the libra- 
tional motion of Ge04 tetrahedra combined with the dis- 



placment of Zn in a very flat potential with a central 
barrier. 
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